G lioblastoma (GBM) is the most common malignant primary brain tumor. Due to lack of effective therapies, patients with newly diagnosed GBM have a median survival of only 14 months. 26 In the most current treatment paradigm, GBMs are treated with a combination of maximal safe resection followed by chemotherapy and radiation therapy (RT). 2, 6 Based on data from large retrospective studies of GBM, it appears that a greater extent of resection is associated with improved survival. 12, 13, 23 Extending from this, the concept that cytoreductive therapies positively impact outcome has received more widespread acceptance. Chemotherapy and RT without any surgical cytoreductive therapies are associated with worse outcomes. 25, 27 However, a significant number of GBMsup to 40%-are considered "unresectable" and are not amenable to aggressive resection. 5 These patients have a worse overall median survival of 9.4 months. 26 Unfortunately, the induction of a postoperative motor or language deficit is associated with a diminution of median survival by 3-4 months, 14 so attempting an aggressive resection on so-called unresectable tumors can result in patient harm in terms of both function and overall survival. For these patients with GBMs that are not amenable to resection, a cytoreductive intervention that respects and preserves the eloquent areas of the brain may help close the gap in survival, bringing it closer in line with patients who can undergo resection.
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Laser interstitial thermal therapy (LITT) for percutaneous ablation of intracranial tumors has been explored since the late 1970s, but never received widespread adoption in clinical practice due to an inability to achieve tight control over the areas of ablation. 15 However, the advent of MR thermography coupled with improved image guidance and laser technology has brought broader applications for LITT in the field of neurosurgery. The LITT procedure offers several features that make it attractive for the treatment of unresectable gliomas: 1) it is a percutaneous procedure, so wound healing rarely interferes with chemotherapy or RT; 2) it can be combined with functional preoperative imaging studies such as diffusion tensor imaging to ensure that eloquent fiber tracts or cortex remain outside the ablation zone; and 3) the minimal blood loss and fluid shifts during the surgery allow it to be performed in patients who may not be candidates for an open resection due to comorbidities.
Additionally, LITT may be a good option for focal recurrences of GBMs that have previously undergone resection. Although the consensus on the best treatment of recurrent disease is not as solid as with newly diagnosed disease, multiple retrospective studies support the excision of resectable recurrences. 17, 19, 28 However, with recurrent disease, issues of wound healing and the patient's functional status can hamper attempts of total resection. Moreover, recurrences often occur at sites close to functional or eloquent brain that were respected during the first surgery. Therefore, LITT may offer a cytoreductive option for focal GBM recurrences.
We report our experience at MD Anderson Cancer Center using LITT for treatment of both newly diagnosed "unresectable" GBMs and recurrent GBMs.
Methods
We retrospectively reviewed patients with a diagnosis of GBM, either newly diagnosed or recurrent, who underwent LITT at MD Anderson Cancer Center with at least 6 months of follow-up. Institutional review board approval was obtained. Newly diagnosed GBM included patients who were either diagnosed at the time of the procedure or those who had been diagnosed previously with biopsy sampling or a subtotal resection or debulking within 1 month of the LITT procedure, and who had not yet received any oncological treatments. Patients with recurrent GBM included those treated previously with total or subtotal resections, chemoradiation, and any other additional therapies who eventually underwent LITT for progression. Patients who had undergone a biopsy only and then were treated with chemoradiation prior to LITT were also included in this group. Due to the nature of referral patterns at our institution, the majority of the patients in the recurrent GBM group received their initial oncological care elsewhere. Preoperative clinical data that were collected included Karnofsky Performance Scale (KPS) score, previous chemotherapies and RTs, IDH1 and other mutational status when available, and baseline neurological deficits. When the diagnosis was made at another institution, pathology slides were reviewed at our institution to confirm the diagnosis.
The LITT procedures were performed using an operating room suite with an integrated 1.5-T open-bore intraoperative MRI unit. One of 2 primary surgeons (S.P. or G.R.) performed the surgery with either the Medtronic Visualase or Monteris NeuroBlate systems. The initial cases were all done using the Visualase system, whereas the later cases were done using the NeuroBlate system. Laser and catheter placement was aided with intraoperatively acquired registration MRI scans and the Brainlab Varioguide system. In the few cases in which multiple trajectories were needed, the ClearPoint navigation system was used. In each case, the enhancing portion of the tumor was targeted, and ablation proceeded until the estimated irreversible damage zone covered the entire target, or until this zone encroached on densely functional and/or eloquent regions of the brain. In cases with diffuse contrast-enhancing disease, the bulkiest central part of the lesion was targeted. For tumors near cortical and subcortical motor areas, we used radiographic identification of the motor strip and preoperative diffusion tensor imaging to identify the limits of ablation. For insular lesions, we ablated contrast-enhancing lesion medially up to the internal capsule. For lesions near potential speech areas (e.g., left frontal, left temporal, and left inferior parietal lobule in right-handed persons), we attempted to keep the ablation zone confined to the enhancing areas. Optic radiations and visual cortex generally did not limit the extent of ablation. Postoperatively, patients were placed on a slow dexamethasone taper.
Postoperative data that were reviewed and collected included the presence of any new neurological deficits after LITT, time to clinical and/or radiographic progression, postprocedural chemotherapy or radiation regimens, and overall survival. Postoperative MRI studies were performed on the day of or 1 day after the procedure, 1 month after the procedure, and then in most cases every 2-4 months thereafter, although for international patients there was sometimes limited access to follow-up imaging. Preoperative and postoperative contrast-enhanced MR images were reviewed to assess preoperative tumor characteristics, radiographic response, and measurement of preoperative and serial postoperative volumes. Segmentations for calculation of contrast-enhancing tumor volume were performed using the Brainlab iPlan software. Patients who demonstrated an objective decrease in the volume of contrast-enhancing tumor in each MRI session from the first postoperative study to 6 months postprocedure and who had no evidence of clinical progression were designated "responders." For recurrent GBM cases, the National Institutes of Health (NIH) Recurrent GBM Scale score was calculated, with 1 point each for KPS score of ≤ 80, tumor size ≥ 50 cm 3 , and involvement of ≥ 2 eloquent regions of the brain.
results

Newly Diagnosed group
Between August 2013 and November 2015, there were 8 newly diagnosed patients with GBM and 13 with recurrent GBM who had been treated with LITT (Table 1 ). In the newly diagnosed group, the average age was 61 years, the median age was 58 years, and the median KPS score was 85. Genetic analysis was available in 4 of the 8 patients, and none had a GBM with the IDH mutation. Six patients had multilobar involvement, 5 had bihemispheric corpus callosum tumors, 2 had involvement of insula, and 1 had thalamic/basal ganglia involvement. Seven of 8 patients had ependymal wall tumor involvement. Two patients had previously undergone craniotomy within 1 month of LITT, with extirpation of "resectable" portions of the tumor. The mean preoperative volume was 22.4 cm 3 . Successful ablative coverage of the entire contrastenhancing target was estimated to have been achieved in 4 of 8 cases at the time of the procedure. Postprocedure, no patients suffered any immediate new neurological deficits. However, 1 patient with a preoperative KPS score of 60 suffered a decline in functional status postoperatively, and the family wished to transition this patient to palliative care. The other 7 patients received standard postoperative concurrent temozolomide (TMZ) and RT. None of the patients were deemed "responders," and all showed either radiographic or clinical progression after surgery. Figure 1 shows imaging findings in a patient who underwent LITT for a newly diagnosed "butterfly" GBM. Despite successful ablation, there was no radiographic evidence of disease shrinkage. He did, however, live for 12 months after the procedure. In the newly diagnosed group, the median progression-free survival (PFS) was 2 months, and the median survival from procedure was 8 months.
group with recurrent gbM
In our group of 13 patients with recurrent GBM, the average age was 49 years, the median age was 50 years, and the median KPS score was 80. The procedure was performed a median of 16 months from initial diagnosis. One patient had undergone a previous biopsy, 5 had received previous subtotal resection, and 6 had received previous total resection. Twelve patients had undergone RT previously, 12 had received TMZ previously, 1 had undergone stereotactic radiosurgery previously, and 2 had received additional bevacizumab chemotherapy. Five of the 11 patients in whom mutational analysis was available had IDH1 mutations, and 4 tumors were secondary GBMs that had progressed from an identified lower-grade tumor. At the time of the LITT procedure, most patients had intermediate NIH Recurrent GBM Scale scores; 3 patients had a score of 0, 7 had a score of 1, and 3 had a score of 2. The mean preoperative tumor volume was 14.6 cm 3 . Sixty-nine percent of the tumors were multifocal, with 62% in eloquent brain and 46% involving the ependymal wall. Postoperatively, there were no new focal neurological deficits. One patient with a large 65-cm 3 tumor suffered from status epilepticus in the postoperative recovery period. His seizures were eventually controlled, but he then transferred to hospice rather than receive further oncological care. The other 12 patients received adjuvant therapies, including TMZ, 1-(2-chloroethyl)-3-cyclohexyl-1-nitrosourea (CCNU; i.e., lomustine), and bevacizumab. The median time to radiographic or clinical progression was 5 months, and the median overall survival was greater than 7 months from the LITT procedure (7 patients are still alive).
recurrent responders group
Among the 5 "recurrent responders" who had a radiographic shrinkage of disease postablation, 4 patients had an NIH Recurrent GBM Scale score of 1, and 1 patient had a score of 2. Compared with the 8 nonresponders, the ) and there was higher proportion of IDH1 mutants (60% vs 13%), but the median KPS score was similar (80 vs 85). Among the 5 responders, 4 are still alive with a median time to radiographic progression of 9 months. In 3 of these 5 patients the tumors had IDH1 mutations and progressed from a previously diagnosed lower-grade glioma. Two of 5 patients received the adjuvant combination of CCNU and bevacizumab within 3 months of surgery, whereas the other 3 received no adjuvant therapies initially. Figure 2 shows preoperative, immediate postablation, and 3-month follow-up MR images of a "responder" patient who underwent LITT for recurrence of GBM in the left parietal lobe.
Discussion
The consensus optimal therapy for newly diagnosed GBM is maximal safe resection followed by chemoradiation. However, in patients with so-called unresectable GBMs, optimal therapy is currently biopsy only followed by chemoradiation. Unfortunately, these patients have a survival disadvantage compared with patients who are able to undergo a more aggressive resection. Whether this worse prognosis is due to intrinsically more malignant biological behavior in these unresectable tumors, which tend to be more diffuse, or whether it is due to lack of effective direct cytoreductive therapies has not been fully clarified. If it is the latter, LITT may provide a useful therapeutic option for these patients. Unlike stereotactic radiosurgery, another focal therapy that can treat difficult-to-access targets, the tumor cell death after LITT is immediate and without a latency period.
Our 8 patients with newly diagnosed GBMs had unresectable tumors, with 5 exhibiting a bihemispheric, socalled butterfly spread, and the other 3 involving insula or deep nuclei. Four patients had preoperative focal neurological deficits. Only 1 patient was younger than 50 years, and in the 4 patients who received mutational analysis, none tested positive for IDH1 mutation. In this group, no patients qualified as LITT responders with shrinkage of the disease in postprocedure surveillance MRIs, and it is unclear that the procedure altered the clinical outcome as compared with standard chemotherapy and RT. The median time to radiographic progression was 1.5 months, and the median survival was 8 months, which is in line with what has been reported in patients who underwent biopsy and chemoradiation only. Patients with butterfly GBMs have a worse survival prognosis, with a median survival of only 3.5 months after biopsy and, for those who can undergo surgery, 5.1 months. 3 At our institution, we usually perform surgery for eccentric corpus callosum GBMs associated with mass effect, but for those with more symmetrical disease and extensive invasive disease, we refrain from resection. The patients in this series therefore tended to be in this latter group. The youngest patient in the group (48 years old) remained alive with stable disease at 11 months, but his IDH status was unknown. Importantly, there were no new neurological deficits induced, although 1 patient with a butterfly GBM and a preoperative KPS score of 60 who was experiencing rapid decline suffered mild functional decline after LITT and wished to be transferred to hospice rather than undergo further treatments.
There have been few studies of the treatment of newly diagnosed GBMs with LITT, with 5 studies including treatment of a mix of 40 WHO Grade III and IV newly diagnosed gliomas. 7, 8, 10, 16, 22 Because many of these also mixed in the results with those in recurrent gliomas, it is difficult to draw conclusions about the effectiveness of LITT for these lesions. Similar to our study, most of these patients with newly diagnosed high-grade gliomas were treated with LITT rather than surgery due to unresectable tumor location. The disappointing results in our series regarding the treatment of these unresectable GBMs probably reflect the limitations of a focal treatment for a diffuse disease as well as the more malignant biology in these cases. Most of these tumors displayed a more diffuse and invasive phenotype, with all but 1 being multilobar or bihemispheric. The contrast-enhancing portion of these tumors is only a small fraction of the actual tumor burden in these cases. Additionally, unresectability may be a surrogate for more malignant behavior-for example, in 1 study, IDH wild-type gliomas were significantly less amenable to resection than IDH mutant gliomas. 1 Thus, these patients may be predisposed to a worse natural history even after effective cytoreduction.
Patients with GBMs are living longer than before, 11 and coinciding with this, surgical treatment of GBM recurrences has become more commonplace. In a recent review of reoperation for GBM, 24 of 28 studies reported a survival benefit or improved functional status following reoperation and adjuvant treatments. Given the greater emphasis on cytoreduction and favorable retrospective data, repeat resection is often offered to carefully selected patients. The NIH Recurrent GBM Scale attempts to objectively predict which patients may receive the most benefit from a reoperation 21 based on tumor involvement of eloquent brain, KPS score, and tumor volume. An alternative scoring system has also been introduced, which includes the unfavorable variable of ependymal involvement. 20 However, rates of complications are significantly higher (27% vs 13%) in second resections compared with the first resections, with an increased risk of infection and poor wound healing, and worse postoperative functional and neurological outcomes. 4, 9 Recurrences often occur at the edges of resection that border on eloquent regions. Additionally, there appears to be stepwise increase in the risk of wound issues (infection, CSF leakage, wound breakdown) with each successive surgery. 9 Wound healing issues can be particularly devastating to these patients, who depend on further supplementary adjuvant therapies for tumor control. By minimizing wound healing issues, LITT could offer an attractive alternative way to surgically address GBM recurrences, even in areas accessible by repeat resection.
In our study, in comparison with the newly diagnosed GBM group, the 13 patients in the recurrent GBM group were younger, with an average age of 49 years. They harbored more indolent GBMs, with a median time from diagnosis to LITT of 16 months, and of the 10 patients in whom mutational analysis was available, 4 harbored IDH1 mutant tumors. The tumors were generally smaller in the recurrent than in the newly diagnosed group. Although the preference at our institution is to resect accessible recurrent GBMs in patients who can tolerate it, in this group we treated 4 resectable lesions-2 deep cingulate gyrus recurrences and 2 noneloquent focal nodular recurrences-with LITT. Patients in this group had intermediate NIH Recurrent GBM Scale scores. The median overall survival after LITT was greater than 7 months (7 patients still alive), more than the 4.5 months predicted by the NIH Recurrent GBM Scale. 21 Compared with nonresponding patients, patients who were responders had smaller tumors and were more likely to harbor an IDH1 mutation (60% had the mutation). Tumor size has previously been shown to affect ablation effectiveness. In 1 multiinstitutional study of LITT for highgrade gliomas, tumor volume > 10 cm 3 was associated with worse PFS outcomes, even with good ablation coverage. 16 Two of the responders in our study were receiving CCNU in the postoperative period when disease shrinkage was seen. This may be confounding, but it also may hint at a synergistic effect between LITT and chemotherapies. The LITT procedure promotes breakdown of the blood-brain barrier in the peripheral zone of ablation, and this can be seen in immediate postoperative scans, which show the hazy contrast enhancement in that region. 18, 24 This may potentiate the effects of chemotherapies by allowing easier entry across the blood-brain barrier, even with lipidsoluble drugs like CCNU. With a median overall survival and median PFS that compares favorably to most series of recurrent GBM, despite the fact that many of the tumors in our series were in deep or eloquent regions, and with 5 of 13 patients showing impressive radiographic shrinkage of disease, LITT may be a reasonable salvage therapy option in carefully selected patients with recurrent GBM.
In our series we had a favorable complication profile, with no new permanent neurological deficits, 1 case of worsening seizures, and 2 cases of worsening functional status ultimately proceeding to palliative care. No patient suffered superficial or deep wound infection or any significant intracranial hemorrhage. Whereas other studies usually include both WHO Grades III and IV gliomas in their series, our study focused only on GBMs because their behavior differs significantly from anaplastic astrocytoma and especially anaplastic oligodendrogliomas. Due to the more indolent course of Grade III gliomas, lengthy followup is necessary and it can be more difficult to see a treatment's effect on the natural history. With this in mind, we also included data on IDH1 mutation status, which clearly helped identify the varying biological behavior of these tumors. We also separated newly diagnosed from recurrent GBMs. As our study showed, preoperatively these groups contained 2 very different populations and different tumor biological features. This discrepancy may be due in part to local referral patterns, but it is also likely that newly diagnosed GBMs treated with LITT will be "unresectable," with a more diffuse and invasive phenotype presaging more aggressive disease than in patients with recurrent GBMs previously treated with surgery who are healthy enough to warrant further aggressive treatment. Studies that do not separate these 2 groups of patients may have to be interpreted with caution.
However, our study has important weaknesses. Its retrospective nature limits the strength of any conclusions that can be drawn. The recurrent GBM group was clearly a carefully selected subgroup of patients with GBM, which curtails the generalizability of our findings. The small numbers of patients in the study precluded multivariate analysis, which is especially crucial in a retrospective analysis of patients with recurrent GBM in whom there is a high variability in previous treatments and adjuvant treatments. Additionally, ideally we would have stratified by genetic and mutational status, but although in the majority of patients these data were available, they were incomplete. Even in tumors that tested negative for the IDH1 mutation, noncanonical IDH1 mutations were not necessarily tested. Unfortunately, due to the referral patterns of the hospital, the initial biopsy or surgery was often done elsewhere, which limited further genetic and molecular analysis of the tumor. Additionally, follow-up radiographic data were not uniformly available, and we did not have data available on thermal damage threshold (TDT) lines with respect to tumor coverage. Adequate TDT coverage may play a role in enhancing PFS, 16 and these TDT lines allow for a standardization of the ablation technique and easier comparisons with other series. Because we had switched between the Visualase and NeuroBlate systems, these were not available for review. And because these were our initial patients with GBM treated with LITT, a learning curve may have also been in play, with greater facility and effectiveness of technique achieved in the later cases compared with the earlier ones.
Conclusions
Laser interstitial thermal therapy may be an effective alternative to surgery as a salvage treatment in carefully selected patients with recurrent GBM. Its role in the treatment of newly diagnosed unresectable GBMs is not established yet and requires further study.
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